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BiomaterialWe have prepared a chitosan polymer modiﬁed with gallic acid in order to develop an efﬁcient protection
strategy biological membranes against photodamage. Lipid bilayerswere challengedwith photoinduced damage
by photosensitization with methylene blue, which usually causes formation of hydroperoxides, increasing area
per lipid, and afterwards allowing leakage of internal materials. The damage was delayed by a solution of gallic
acid in a concentration dependent manner, but further suppressed by the polymer at very low concentrations.
Themembrane of giant unilamellar vesicleswas coveredwith thismodiﬁedmacromolecule leading to a powerful
shield against singlet oxygen and thus effectively protecting the lipid membrane from oxidative stress. The re-
sults have proven the discovery of a promising strategy for photo protection of biological membranes.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The development of robust strategies of skin protection against
excess of light absorption is a dynamic ﬁeld of research. It is clear that
ﬁlter-only strategies are not enough, since visible light also may pro-
mote damage on the skin tissue. Few molecules actually absorb UVA
and visible radiation (derivatives of ﬂavins, porphyrins, and melanin)
and production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) is accomplished mostly by photosensitization. It is well
known that photosensitization reactions involve light absorption by a
photosensitizer and excited state reactions in which part of the energy
absorbed is transferred to surrounding molecules either by electron
transfer (type I) or energy transfer to oxygen (type II) reactions [1].
Type II reactions lead to formation of singlet oxygen (1O2), which is
the main species involved in skin and hair damage due to UVA and
visible irradiation [2].
Biological membranes contain unsaturated phospholipids and 1O2
reacts with acyl chain double bonds to form hydroperoxides, which
are the initial species leading to a full extent peroxidation [3]. Due
to the hydrophilic character of the hydroperoxide, this group migrates
to the bilayer surface increasing the area occupied by the lipidi@if.usp.br (R. Itri).(Scheme 1). Indeed, the lipid peroxidation promotes a variety of
physiologic and pathologic processes in the context of diseases related
to oxidative stress [4].
Giant unilamellar vesicles (GUVs) are membrane mimics that allow
direct measurements of membrane damage. We and others have used
GUVs to study lipid photosensitization [5], membrane permeabilization
[6], increase in area per lipid [7,8], formation of lipid domains [9] and the
molecular disorder which yields to transient pores on the membrane
[10]. Other authors have reported that anti-oxidant agents may reduce
physical and molecular changes in membranes [11].
Here, we report studies using GUVs coupled to photophysical
measurements to understand the factors affecting the protection of
membranes against photoinduced 1O2. As a protecting molecule we
have used gallic acid (GA) (Scheme 1), which is a standard anti-
oxidant known to deactivate 1O2 [12]. Methylene blue (MB) has been
employed as 1O2 producer by photo excitation in aqueous solution.
Previous studies have shown the advantages of chitosan in providing
speciﬁc features to liposomes and GUVs [13]. It has been shown that
chitosan interacts with and irreversibly covers the vesicle membrane.
Besides, chitosan is a reactive macromolecule and its modiﬁcation to
produce beneﬁcial characteristics has been accounted. For instance,
Curcio et al. [14] bonded antioxidant molecules as GA in a free-radical
induced grafting reaction. The antioxidant and cytotoxicity properties
of GA labeled chitosan have been described in cellular systems and
Scheme 1. Methylene blue (MB) absorbs light, is promoted to singlet state 1MB*, by
intersystem crossing to triplet state 3MB* where the absorbed energy is transferred to
surrounding oxygen leading to 1O2 that reacts with acyl chains of unsaturated lipids
producing hydroperoxide with larger area per molecule (A). The molecule of gallic acid
is shown on the right.
2181O. Mertins et al. / Biochimica et Biophysica Acta 1848 (2015) 2180–2187genomic DNA [15]. In this manner, we followed the procedure of [14]
and went a step further in the photo protection development of biolog-
ical membranes.
2. Materials and methods
2.1. Materials
Stock solutions of the phospholipids 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) from Avanti Polar Lipids (Birming-
ham, AL) were prepared in chloroform (99.8%; Synth). Methylene blue
(MB) was purchased from Sigma-Aldrich and all stock solutions wereprepared in puriﬁed water. The MB molar concentration was checked
using a spectrophotometer (Ocean Optics USB-2000; Dunedin, FL) by
taking into account the molar extinction coefﬁcient of 81,600 at λ =
664 nm. Gallic acid (Sigma-Aldrich) solutions were prepared in MilliQ
quality water. Chitosan was a gift from Primex (Germany), with 95%
degree of deacetylation (DDA) and average molecular weigh 199 kDa
(corresponding to 1223 repeat monomers per molecule). Fluorescent
chitosan was obtained as previously described [16] introducing a ﬂuo-
rescent probe (ﬂuorescein isothiocianate isomer I, FITC; 90%; Fluka
BioChemika) on a few polymer monomers at a proportion of 1:100
(labeled:not labeled monomers) according to the procedure of Qaqish
and Amiji [17]. Sucrose (99%; Sigma-Aldrich), glucose (99%; Sigma-
Aldrich) and all other reagents were of analytical grade. All solutions
were prepared using deionized water from MilliQ Millipore system
with a total organic carbon value of less than 15 ppb and a resistivity
of 18 MΩ cm.
2.2. Preparation of gallic acid labeled chitosan
Reaction was performed following Curcio et al. [14]. Brieﬂy, 0.5 g of
chitosan was dissolved in 50mL of 2% acetic acid (v/v) by vigorous stir-
ring during 2 h. Under slight stirring, 1 mL of 1.0 mM H2O2 containing
0.054 g of pre-dissolved ascorbic acid was added. The solution was
kept under stirring during 30 min and then 0.264 g of gallic acid was
carefully added under slight stirring. The solution was kept at rest
during 24 h at room temperature. Afterwards, in order to eliminate
unreacted components, the solution was transferred into dialysis
tubes (MWCO 12,000–14,000 Da) and dipped into a 2 L glass vessel
containing deionized water. The dialysis was performed under slight
stirring at 20–22 °C during 48 h with eight changes of the glass vessel
water. The labeled chitosan solution was further diluted to 1 mg/mL
with the same acetate buffer (pH 4.48 ± 0.01) used for dissolving
plain chitosan. This solution was used to prepare giant vesicles covered
with labeled chitosan (see below).
The gallic acid amount, which was bonded on chitosan, was deter-
mined by the amount of total phenolic equivalents using Folin-
Ciocalteu reagent procedure [14]. Labeled chitosan was precipitated
from part of the solution obtained above by adding an equal volume
of NaOH aqueous solution (0.1 M). The precipitate was ﬁltered and
vigorously washed until the pH of water was constant and later the
solid was dried in a desiccator under vacuum during 2 h. GA-labeled
chitosan (20 mg) was dissolved in 6 mL of water and 1 mL of Folin-
Ciocalteu reagent (Sigma-Aldrich) was added under vigorous stirring.
Next, 3mL of a 2% Na2CO3 aqueous solutionweremixed and the system
was shaken continuously for 2 h. The absorbance of the solution was
measured at 760 nm. An absorbance calibration curvewas also obtained
for GA solutions in the same conditions from six concentrations of GA
ranging from 1 to 25 μg/mL. The total phenol content in chitosan was
calculated using the standard curve equation obtained from the GA
solution calibration, where y is absorbance at 760 nm and x is total
phenolic content. The results amounted to a ratio of GA to chitosan
monomers of 1:2, i.e., 50% of the monomers were grafted.
2.3. Preparation of giant unilamellar vesicles
Giant unilamellar vesicles of POPC were prepared using the
traditional electroformation method [18]. Brieﬂy, 10 μL of a 2 mM lipid
solution in chloroform were spread on the surfaces of two conductive
glasses (coated with Fluor Tin Oxide), which were then placed with
their conductive sides facing each other separated by a 2 mm thick
Teﬂon frame. This electro swelling chamber was ﬁlled with 0.2 M
sucrose solution and branched to an alternating power generator
(Minipa MFG-4201A; Korea) at 1.5 V and 10 Hz frequency during 2 h
at room temperature (22–24 °C). Afterwards, the vesicle solution was
carefully transferred to an Eppendorf vial and kept at rest at 4 °C before
use. A typical observation experiment, using an inverted microscope
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the GUV solution with 300 μL of a 0.2 M glucose solution. This created
a sugar asymmetry between the interior and the exterior of the vesicles.
The osmolarities of the sucrose and glucose solutions were measured
with a cryoscopic osmometer Osmomat 030 (Gonotec; Berlin,
Germany) and carefully matched to avoid osmotic pressure effects.
The slight density difference between the inner and outer solutions
drives the vesicles to the bottomslidewhere they can easily be observed
and besides, the refractive index difference between the sucrose and
glucose solutions provides a better contrast when observing the vesicles
with phase contrast microscopy.
For the experiments with photo damage of the vesicle membrane,
different concentrations of MB and GA were previously dissolved in
the glucose solution and the procedure described above was followed.
The concentrations of MB (40 μM) and GA (0.05, 0.10, 0.40, 1.00, 2.00
and 3 mM) were calculated for the ﬁnal solutions in the observation
chamber.2.4. Preparation of giant unilamellar vesicles covered with chitosans
Chitosan solutions were prepared by vigorous overnight stirring of
the powder in acetate buffer (pH 4.48 ± 0.01), at a concentration of
1 mg/mL.
Giant vesicles containing non labeled chitosan or labeled chitosan
(with gallic acid and ﬂuorescein) on both surfaces of the phospholipid
bilayer were prepared according to the method of Mertins et al. [16].
Differently from the usual electroformation procedure, instead of
spreading the solution of lipids over the ITO glasses, a reverse phase
emulsion is previously prepared by sonication of the mixture of lipids
in chloroform along with the appropriate amount of chitosan solution
(labeled or not labeled). This emulsion is then spread over the ITO
glasses and afterwards the usual electroformation is followed as
described above. The method is efﬁcient in increasing interactions
between phospholipids and chitosan and, thus, allows for the produc-
tion of the composite giant vesicles.
The resulting ratio of lipids to chitosan monomers has been deter-
mined by ﬂuorimeter calibration method [16] where the ﬂuorescence
intensity is compared between liposomes containing ﬂuorophore 1-
oleoyl-2-[12-[(nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-
glycero-3-phosphocholine (NBDPC; 99%, Avanti Polar Lipids), FITC
labeled chitosan solutions and GUVs prepared with both ﬂuorescent
compounds. POPC liposomes with 0.1% w/w of NBDPC were prepared
by reverse phase evaporationmethod [19] (size determined bydynamic
light scattering, diameters: 97–211 nm) and diluted to a range of
concentrations from 6 × 10−5 to 6 × 10−4 mg/mL NBDPC. Fluorescence
intensities of the liposomes were obtained with the spectrophotometer
at wavelengths 515 and 533 nm, which correspond respectively to
maximum emission of NBDPC and FITC-labeled chitosan. The same
procedure was followed for solutions of FITC-labeled chitosan with
known concentrations. The peak intensities at the two wavelengths as
a function of concentration were ﬁtted for liposomes and for chitosan.
The same method was performed for the reverse phase GUVs prepared
with FITC-labeled chitosan containing now1%w/wNBDPC. The ﬂuores-
cence intensities of phospholipids and chitosan in GUVs were extracted
from the liposomes and chitosan solution calibration curves assuming
additivity of the two ﬂuorescence contributions. As the amount of
ﬂuorescent species is known in liposomes and chitosan solutions by
the concentrations of the components and as the intensities vary linear-
ly with concentration for both ﬂuorescent probes, one reads from the
intensity calibration curves, as shown in [16], the relative values of
FITC-labeled chitosan and NBDPC content in the GUVs. Knowing the
amount of ﬂuorescent species in GUVs, one translates it to the amount
of total lipids and chitosan monomers (recalling that 1% of monomers
contain FITC), and thus the proportion between both is determined.
For GUVs prepared with three concentrations of chitosan (0.94, 1.88and 3.75% w/w) we obtained, respectively, the proportions of lipid to
monomer at 100:8.1, 100:13.5 and 100:27.1.
2.5. Optical microscopy observation, irradiation and electrodeformation
We used an inverted microscope Axiovert 200 (Carl Zeiss; Jena,
Germany) with a Ph2 63× objective. Images were recorded with an
AxioCam HSm digital camera (Carl Zeiss). The illumination system of
the microscope was used in the transmission mode (bright ﬁeld), with
low intensity illumination, to observe the vesicles. Under these condi-
tions no perturbation of the vesicles in the presence of MB occurred
over 1 h of observation. Irradiation of the samples was performed
with the 103 W Hg lamp (HXP 120, Kubler) of the microscope using
an appropriate ﬁlter for photo activation of MB (λex = 665 nm;
λem = 725 nm).
The experiments of electrodeformation were performed by submit-
ting the samples to an alternating electrical (AC) ﬁeld of 10 V intensity
and 1 MHz frequency [7]. In this case, the vesicles were grown in the
sucrose solution containing a small amount of salt (0.5 mM NaCl) to
ensure a higher conductivity inside and induce prolate deformation,
followed by dilution in an MB-containing glucose solution. Then, the
GUV solution was placed into a special chamber purchased from
Eppendorf (Hamburg, Germany), which consists of an 8 mm thick
Teﬂon frame conﬁned between two glass plates through which obser-
vation was possible. A pair of parallel platinum electrode wires with
90 μm in radius was ﬁxed to the lower glass. The distance between
the two wires was 0.5 mm. The chamber was branched to a function
generator and the vesicles lying between the two parallel wires were
observed.
2.6. Singlet oxygen detection
Singlet oxygen measurements were performed in a specially de-
signed Edinburgh F900 instrument (Edinburgh, UK) that consisted of a
Continuum Surelite III laser (5 ns duration, 10 pulses/s, 1 mJ/pulse),
cuvette holder, silicon ﬁlter, monochromator, and liquid nitrogen-
cooled NIR PMT (R5509) fromHamamatsu (Hamamatsu Co., Bridgewa-
ter, NJ, USA) and a fast multiscaler analyzer card with 5 ns/channel
(MSA-300; Becker & Hickl, Berlin, Germany). 1O2 emission spectra
were obtained by measuring emission intensities from 1180 to
1360 nmwith 1 to 5 nm steps. Lifetimemeasurements were performed
by accumulation of ~2000 decays. Emission spectra were automatically
constructed by the instrument software by acquiring decays at various
wavelengths, accessing the maximum emission intensity in each
wavelength, and plotting the maximum intensity as a function of the
wavelength. The MB and GA solution was prepared in D2O and was
directly excited at 532 nm. NIR spectral and lifetime measurements
were performed 1 h after sample preparation at 25 °C. For measuring
the efﬁciency of singlet oxygen generation (ηΔ), the absorption of sam-
ples and standardwasmatched at the excitationwavelength.MB,which
was dissolved in D2O:ethanol (1:1) to avoid aggregation and keep its
quantum yield constant (ФΔ= 0.52), was used as standard. Emission
transients were obtained and the maximum values of emission intensi-
ties, which were observed typically 100 ns after the laser pulse, were
used in the ηΔ calculations.
3. Results and discussion
3.1. Photo protection with labeled chitosan
It has beenpreviously demonstrated that irradiation ofMBdispersed
in the GUV outer solution promotes alterations in lipid membranes,
which are recognized (Fig. 1a as example) by large ﬂuctuations, surface
area increase and severe shape alteration (67 s on Fig. 1a) followed by
contrast fading (391 s on Fig. 1a) related to sucrose/glucose exchange
due to pore formation [10]. In contrast, lipid bilayers coated with GA-
Fig. 1. a) Phase contrast microscopy of time sequences (seconds) of the damage on POPC GUV by photo activation of methylene blue (665 nm, 40 μM). b) Equivalent, along with ﬂuores-
cence image, for GUV coveredwith gallic acid-grafted (50%) chitosan containing 1% ofﬂuorescent probe FITC during 30min of photo irradiation. c) GUV coveredwith neat chitosan during
few seconds of photo irradiation. d) Equivalent for bare GUV in solution containing gallic acid (0.10 mM). Bar spans 20 μm for all snapshots.
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monomer ratios here studied for the three chitosan concentrations
employed considering both membrane leaﬂets) did not present either
ﬂuctuation or any physical modiﬁcation during at least 30 min of
continuous photo irradiation of MB-containing GUV solution. Fig. 1b
shows, as an example, an image recorded from a GUV covered with
GA-grafted chitosan (100:13.5 lipids to chitosan monomers with 1:2
GA to chitosan monomer) in phase contrast and ﬂuorescence modes.
Of note, for the ﬂuorescence mode observation, GA-grafted chitosan
contained 1% of ﬂuorescence probe FITC, demonstrating that indeed
the polymer forms a shield over the membrane (Fig. 1b). The protected
GUVs remained microscopically stable under in situ photo-oxidation
since surface area increase of the membrane as well as phase contrast
decay were completely avoided.
We could speculate that the inhibition of photo-induced membrane
area increase could be due to an increase in the membrane rigidity in
the presence of chitosan. In fact, the bending rigidity of DOPC GUVs
containing the three concentrations of chitosan here studied was
recently evaluated by ﬂuctuation analysis of the membrane [20]. It
was noticeable the increase of the bending rigidity with the presence
and concentration of chitosan, which varied from 34 × 10−20 J to
42 × 10−20 J for the lower and intermediate chitosan concentrations
and no ﬂuctuations for the highest chitosan concentration. Here we
employ POPC that differs only by the absence of unsaturation in one of
the acyl chains of the molecule when compared to DOPC. Thus, the
bending rigidity of pure POPC membranes is expected to be higher
than that of the pure DOPC membranes [21] and yet more in the
presence of chitosan. Indeed, in the current study, all POPC GUVs
covered by chitosan did not show any membrane ﬂuctuation pre and
under MB photo-irradiation, thus hindering a realistic bending rigidity
determination by the ﬂuctuation analysis. It is noteworthy that GUVs
covered with GA-free chitosan suddenly collapsed after a few seconds
during the photo activation of MB (Fig. 1c). Therefore, our results give
support to assure that sole, neat chitosan, although with the ability to
increase the bending rigidity of the membrane, is not able to provide
membrane defense to 1O2. Interestingly, previous results in cell cultures
by Cho et al. [15] reported that plain chitosan protects cell cultures from
oxidation although to a lower extent than GA-grafted chitosan. Here weshow that this is not the case for simple POPC mimetic membranes
within the range of chitosan concentrations studied.
We further compare the protection of non-coated POPC GUVs by
challenging membranes dispersed in solutions containing increased
amount of GA to in situ generated singlet oxygen. Fig. 1d evidences
only discrete increase in membrane ﬂuctuation (85 s), differently from
the drastic physical disturbances (Fig. 1a) observed in GA-free solutions
[10]. After a short period of membrane ﬂuctuations, the vesicles
recovered a microscopically stable shape (164 s) where buds (Fig. 1d)
are linked to the original vesicle accounting for the surface area increase.
We previously demonstrated that formation of lipid hydroperoxides,
due to attack of singlet oxygen to the acyl chain double bond, is
responsible for the membrane area increase followed by buds and/or
membrane protrusion [7,8,10]. Phase contrast fading also takes place
in a longer period of time (1123 s on Fig. 1d), which can be associated
with the byproducts generated in the sequence of photo-oxidation
reaction, such as truncated chain lipids for instance [1,22]. By turn,
such lipid structural changes end up increasing the membrane perme-
ability [10].
In order to better evaluate the effect of GA protection over mem-
brane pore formation, Fig. 2a shows that the time of membrane total
contrast loss by lipid photo-oxidation increases from 5 min in the
absence of GA to 28 ± 6 min with the addition of 1.0 mM GA in MB-
containing solution. Further increase in GA content did not increment
the time of contrast lost. Thus, even with excess of GA in solution no
further delay of contrast fading, i.e., opening of pores that allow passage
of sugar molecules, could be achieved. Of note, the initial osmotic pres-
sure is kept under sugar ﬂow.
It should be stressed, however, that in a previous study [10] we
reported phase contrast decay as a later indication ofmembrane perme-
ability increase. If fact, from electrodeformation experiments we
noticed that small pores/defects, which allow the passage of salt ions
from the inner to the outer GUV solution, precede the formation of
large pores which allow the sugar passage. Nevertheless, by adding
GA in solution, permeability to sodium chloride and to sugars has
been delayed as a function of the ﬂavonoid concentration. However,
by decorating the vesicle membrane with GA-grafted chitosan it was
possible to further delay the membrane damage. These observations
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Fig. 2. a) Time of contrast loss by photo irradiation of GUVs at different concentrations of
gallic acid in solution containing 40 μM of methylene blue. b) Corresponding decrease of
hydroperoxide formation taken at maximummembrane area. Error bars are standard de-
viations of at least 12 evaluatedGUVs. Insertedpicture shows a vesicle at themaximal pro-
late deformation under electric ﬁeld.
2184 O. Mertins et al. / Biochimica et Biophysica Acta 1848 (2015) 2180–2187are quantitatively discussed in the following sections. Additionally, for
the three concentrations of polymer on the membrane one obtains the
proportions of lipids to GA as 100:4, 100:7 and 100:13.6, since 50% of
chitosan monomers were grafted. These represent small amounts of
GA relative to the amount of lipids. Interestingly, the remarkable
observation we made was that membrane physical damages have
been avoided with GA-grafted chitosan as follows.Table 1
Relative maximal membrane surface area increase (ΔA), time required to achieve
maximal area (Time 1) and period of time that vesicles kept at maximal stretching
(Time 2) in electrodeformation experiments as a function of gallic acid (GA) concentration
in solution and for gallic acid labeled chitosan vesicles (GACHV): lipid:monomer: 100:8.1;
50% labeled. The standard deviations correspond to an average of measurements per-
formed on at least 15 different POPC vesicles.
GA (mM) ΔA (%) Time 1 (s) Time 2 (s)
0 9.9 ± 1.7 72 ± 33 44 ± 14
0.05 8.4 ± 1.2 95 ± 26 47 ± 16
0.10 9.0 ± 1.2 119 ± 41 49 ± 12
0.40 6.0 ± 1.1 143 ± 47 55 ± 15
1.00 2.6 ± 1.0 168 ± 79 61 ± 17
2.00 1.7 ± 0.6 187 ± 61 93 ± 19
3.00 1.7 ± 0.7 206 ± 78 102 ± 22
GACHV 0.6 ± 0.3 1757 ± 261 196 ± 313.2. Reduction of membrane photo oxidation
To estimate the amount of peroxidized lipids produced on the
vesicle membrane and the rate of membrane permeability to sodium
chloride, we have applied electrodeformation experiments [7,10]
where the vesicles are submitted to the AC ﬁeld to acquire a maximal
prolate deformation. The maximal area increase of the vesicles before
irradiation was around 2% for POPC. The deformation induced by the
weak AC ﬁeld applied here acts only on the excess area, and is not
enough to stretch the bilayer at the molecular level [23]. The photo
irradiation of MB was then started under AC ﬁeld. At this point the
vesicles stretched, assuming a more elongated prolate shape (Fig. 2b,
insert) allowing the surface area increase determination of the oxidative
process [10].
The additional vesicles stretching under photo irradiation denotes
the increase in surface excess area of the phospholipid membrane thatresults from hydroperoxidation. The average maximal surface area
increment relative to the original surface area of the vesicles is shown
in Table 1 (ΔA), along with the average periods of time that vesicles
spent to reach the maximal membrane surface area increment (Time
1) since photo irradiation, and the time that vesicles kept at maximal
stretching in electrodeformation (Time 2), all as a function of GA con-
centration in solution and compared to GA-grafted chitosan decorated
vesicles (GACHV, last line). As shown, surface area gain is systematically
reducedwith increasingGA concentration, concomitantly to an increase
in the irradiation time to reach themaximal area (Time1) and themain-
tenance of this area (Time 2).
For vesicles in solutions containing GA, the prolate shape was thus
kept for extended periods of time, which were longer with higher GA
concentration. During irradiation, the surface area of POPC vesicles
without photo protector was incremented to an average of 9.9%
(Table 1). However, by adding GA, the surface area increases were rela-
tively less with higher GA concentration (Table 1). Wong-Ekkabut et al.
[24] estimated the area change caused by formation of hydroperoxide
showing that one lipid may increase from 0.65 to 0.75 nm2, hence, an
increment of 15%. Applying such estimate to the gain of surface area, it
turns out that for the POPC vesicles in MB solution the average area
increase of 9.9% corresponds to an oxidation of around 66% of the lipids
(Fig. 2b). It corresponds to a weighty amount of oxidation associated to
1O2 production byMB.Nevertheless,with addition of GA, lipid oxidation
was systematically reduced, amounting to circa 11% of lipid peroxida-
tion with 2 mM GA, which represents 50× the concentration of MB.
For 3 mM GA (75 × MB) the result was roughly similar. The results
demonstrate an important photo protection effect of lipids in the
presence of GA. This is expected since GA is known to suppress 1O2.
In order to verify if GA is responsible for protecting the membrane,
we have quantitatively evaluated 1O2 suppression by phosphorescence
decay in NIR. As shown in Fig. 3a, the phosphorescence intensity of the
solely MB solution was higher than the subsequent MB+GA solutions.
By incrementing GA, intensity was systematically reduced. Every curve
has been analyzed by a ﬁrst order exponential ﬁt and, thus, 1O2 decay
time was obtained (Fig. 3b). Accordingly, 1O2 generated by 40 μMMB
has a lifetime close to 37 ms. With GA-containing MB solution, the life-
time decreased to 4 ms at 2.0 mM GA and remained almost constant at
3.0 mM GA. The results show the effective potential of GA as a 1O2
quencher which mechanism has been studied by Pajares et al. [12].
The total quenching rate constant (kt) for 1O2 suppression was calculat-
ed by the Stern–Volmer treatment:
τ0=τ ¼ 1þ kt τ0 GA½  ð1Þ
where τ0 and τ are the 1O2 lifetimes in the absence and presence of GA,
respectively. The plot is shown in Fig. 3b and the kt obtained by Eq. (1)
was 1.27 × 108 M−1 s−1. This value is around the one reported by [12]
for riboﬂavin. Nevertheless, the slight decrease in the value determined
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MB (ФΔ= 0.52) in comparison to riboﬂavin (ФΔ= 0.49) [25]. Indeed,
the result conﬁrms that GA is reducing the amount of 1O2.
Moreover, we determined that the decay time of 1O2 decreases
from 37 ms in heavy water to 4 ms at 2 mM GA-containing solution,
remaining constant at 3 mM GA (Fig. 3b). Accordingly, the diffusion
path of singlet oxygen in solution decreases from 330 nm to
100 nm [5]. Therefore, GA dispersed in solution effectively reduces
the amount of 1O2 that reaches the membrane by a factor of 3. It is
discussed that GA interacts physically and chemically with 1O2
with an initial formation of a complex 1O2-GA under partial charge
transfer. The tri-hydroxyl compound has an enhanced electron-
donor capacity, especially when OH groups are ionized. Thereby, an
irreversible electron transfer process would lead to oxidation of GA
yielding its efﬁciency as 1O2 quencher.
Now, comparing the results of GA in solution to GA-grafted chito-
san covering the membrane (Table 1), an improvement of mem-
brane protection against photo oxidation is further achieved. It is
evidenced that the membrane area increase was reduced to an incre-
ment of around 0.6%. Applying the same methodology described
above, the calculated lipid hydroperoxidation is around 4%. Thus,
for GACHV the amount of hydroperoxide is reduced to less than
half of the amount calculated for vesicles with the highest GA con-
centration in solution (3 mM). More interestingly, notice that the
time to reach the maximum membrane surface area (Time 1) for
GACHV is close to 30 min (1757 s), which is large if compared to
the 206 s demanded for vesicles with 3 mMGA in solution. Similarly,
time that vesicles kept at maximal surface area was also incremented
for GACHV (Time 2), but to a lesser extent. The results suggest that,
perhaps more importantly than hydroperoxidation reduction, GA-
grafted chitosan is effective in retarding the membrane photo
oxidation.Fig. 3. a) Proﬁles of near infrared phosphorescence decay for solutions of 40 μMmethylene
blue containing different concentrations of gallic acid (mM) as indicated. b) Respective
decay times of the solutions (ms, squares; dashed line: eye-guided) and times of the
half-life of singlet oxygen (stars) as a function of the concentration of gallic acid.It is further worth mentioning that only the smallest concentration
of GA-grafted chitosan on the vesicles allowed for additional
electrodeformation data, i.e., the 100:8.1 lipid:monomer concentration,
corresponding to 100:4 lipid:GA. Both the intermediate and highest
concentrations (100:7 and 100:13.6 lipid:GA) showed a surface area in-
crement during a time course of one hour irradiation.We speculate that
this result may be partially related to a large increase in membrane
bending stiffness with the chitosan shield, as discussed before, and
micropipette aspiration experiments should be demanded in order to
verify this hypothesis.
Nevertheless, it is shown that by locating GA right over the mem-
brane by means of GA-grafted chitosan, photo oxidation is reduced
and signiﬁcantly delayed. The bending stiffness increase is possibly
aiding as suggested by the apparent absence of membrane damage by
incrementing GA labeled chitosan concentration. However, it is also
shown that sole chitosan, in the absence of GA, is not effective in
preventing membrane damage, as discussed in the previous section.
Thus, it is mainly conclusive to point out that GA along with chitosan
possesses a kind of complementary and synergetic property allowing
membrane protection. In the molecular point of view, it is known
that antioxidant properties of phenolic structures may be related to
resonance of the phenoxyl, steric hindrance of bulky groups replacing
hydrogen in the aromatic ring and the OH bond dissociation [26]. For
GA-grafted chitosan, it is discussed that one hydrogen in the aromatic
ring is replaced in the bond with chitosan backbone furnishing a
secondary amino bond. Hence, in this new molecular conﬁguration
steric hindrance is incremented. Moreover, chitosan backbone, which
contains several oxygen groups linked to the monomers, is thus an
effective electro donating system to the GA phenoxyl radical. These
contributions improve resonance delocalization of the GA phenoxyl
radical and OH bond dissociation, thus increasing the scavenging
power of GA.
3.3. Reduction of membrane permeability
Following membrane surface area increase, associated with lipid
hydroperoxidation as discussed above, a subsequentmembrane perme-
ability increase is noticeable ﬁrstly in electrodeformation experiments
and secondly in microscopy phase contrast decay.
In electrodeformation, we have shown that after membrane
surface area increase, denoted by prolate shape stretching, vesicles
gradually recovered their spherical shape [10]. Such event denotes the
permeability increase with the formation of pores on the membrane,
here not because of contrast loss, but ﬁrstly due to the fact that the
electric ﬁeld no longer had inﬂuence on the vesicles since conductivity
of the inner solution, containing NaCl, was decreasing as a result of
permeability to the salt ions through the vesiclemembrane [10]. Indeed,
sodium chloride ions are crossing the defects resulting from photo
oxidation and hence the vesicle inner solution loses the conductivity
property and the vesicles gradually recover the spherical shape.
The transient time from maximal prolate to spherical shape of the
vesicles is shown in Fig. 4a as a function of GA in solution (square
points) compared to the GACHV sample (asterisk point) discussed in
the previous section. The results show that by increasing GA in the
solution the time spent to spherical shape recovery increases from
roughly 8 s (0mMGA) to 29 s (3mMGA), suggesting that permeability
increase is also delayed or reducedwith the ﬂavonoid. More important-
ly, the same transient time spent by GACHVwas incremented to around
237 s. It is therefore conclusive that the GA-grafted chitosan shield is
also preventing permeability increase in vesicles during photo
irradiation.
We estimated the sodium chloride permeability through the
membrane by assuming the average times shown in Fig. 4a. In the
condition of equilibrated osmotic pressure (provided by sugar concen-
trations in the core and bulk) and constant temperature, we further
assume a passive permeability of the salt ions through the membrane.
2186 O. Mertins et al. / Biochimica et Biophysica Acta 1848 (2015) 2180–2187Theminimum concentration of NaCl in the vesicles' core solution neces-
sary to produce POPC vesicle prolate deformation in electrodeformation
experiments, using the experimental conditions as described in the
Materials and methods section, is 0.1 mM (data not shown). Here we
have employed 0.5 mM and hence the amount of 0.4 mM of sodium
chloride is assumed as the concentration which leaves the vesicle core
as a function of time while the spherical shape is recovering. Since we
evaluated several vesicles with diameters ranging from 15 to 25 μm,
we additionally assume the average diameter of 20 μm in calculating
the average vesicle core volume of 3.351 × 10−11 L. Bulk volume
is large compared to vesicle core volume. The resulting data for
GA concentration as a function of salt permeability is shown in
Fig. 4b (square points) and, as evidenced, GA exponentially reduces
salt permeability as a function of time to 4.62 × 10−13 mM/s with
3.00 mM of GA in solution.
The membrane permeability increase to small ions is related to
further oxidation processes following hydroperoxidation. As described
in related papers [1,22], these processes may continue with the forma-
tion of byproducts of oxidation. The oxidized species generated by
photo oxidation comprise a complex mixture of a variety of molecu-
lar structures, which are difﬁcult to identify [22,27]. Shortened acyl
chains have been detected in a previous study of our group [5]
where the lipids in giant vesicle membranes were oxidized by irradi-
ation in the presence of relatively high concentrations of methylene
blue. Themolecular disorder generated by a variety of oxidized lipids
increases the permeability of the membrane. Herein it has been
shown that GA in solution slightly delays the damage, but more
importantly, GACHVs show a further membrane permeability avoid-
ance, with salt permeability reduced to 5.78 × 10−14 mM/s (Fig. 4b,Fig. 4. a) Time required to recover spherical shape of POPC vesicles during permeability to
NaCl (0.4 mM) and b) corresponding permeability to NaCl (mM/s) in electrodeformation
experiment as a function of gallic acid in solution (axis points, squares) and for POPC ves-
icles containing gallic acid labeled chitosan on the membrane (secluded point, asterisk,
comparatively shown): lipid:monomer: 100:8.1; 50% labeled. Error bars are standard
deviation of at least 12 evaluated GUVs. See text for details.asterisk point), that must be translated as an improved antioxidant
property.
Therefore, our results give support to our statement that the use of
GA-grafted chitosan as a shield on POPC membrane has indeed delayed
the photo-induced formation of small pores/defects that facilitate salt
leakage from the inner core of the lipid vesicles (Fig. 4b). Moreover,
bringing the singlet oxygen scavenger right over themembrane surface
reduces markedly the increase in membrane area due to the reduction
of photo-generated lipid hydroperoxides. Thus, formationof byproducts
following hydroperoxidation related to opening of larger pores is
avoided by this strategy of membrane photo-protection.4. Conclusion
In order to provide increased photo protection of POPC membrane,
the improved methodology shown here is based on the attachment of
GA closer to the membrane surface. 50% of chitosan monomers were
bonded to GA and the modiﬁed macromolecule effectively covers the
membrane and blocks the singlet oxygen access towards the main
targets of oxidation, i.e., the unsaturated lipids. In fact, the important
role of the polymer is to allow control over the disposition of the anti-
oxidant GA in the exact site of damage,which is themembrane, promot-
ing therefore higher efﬁciency in photo protection purposes. The
beneﬁcial effect of GA labeled chitosan as protector against photo-
induced oxidative damage on membranes may allow its use in areas
in which membrane integrity is an important factor, such as dermatol-
ogy, cosmetology and drug delivery. Therefore, the application of GA
functionalized chitosan as a protecting shield over the surface of
lipid membranes represents the disclosure of a powerful strategy in
the development of an efﬁcacious manner to provide in situ photo
protection of biological membranes.Acknowledgment
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